This paper describes recent progress of photonicallyenabled systems for millimeter-wave and terahertz measurement applications. After briefly explaining signal generation schemes as a foundation of photonics-based approach, system configurations for specific applications are discussed. Then, practical demonstrations are presented, which include frequency-domain spectroscopy, phase-sensitive measurement, electric-field measurement, and 2D/3D imaging.
Introduction
Measurement of high-frequency electrical signals using photonic techniques can be traceable back to late 1970s and early 1980s, when numerous methods to generate and detect picosecond electrical signals were developed using femtosecond pulse lasers such as mode-locked dye lasers and Nd:YAG lasers [1] - [3] . With advent of fiber-optic communications technologies, these pulse lasers were replaced with semiconductor lasers and fiber lasers in 1990s, which accelerated the development and commercialization of measurement and testing instruments for high-speed integrated circuits (ICs) [4] , [5] . Also in early 1990s, terahertz (THz) spectroscopy [6] and imaging [7] techniques using THz pulses were developed, which made a great impact on the THz research as a trigger of its boom [8] , [9] . THz time-domain spectroscopy and imaging systems using pulse lasers have been commercialized since 2000s. Now, one of the recent trends is a movement toward frequency-domain systems with continuous THz waves which enable higher sensitivity and more functionalities.
In this paper, we describe recent progress of measurement and sensing applications in the millimeter-wave and THz frequency regions based on frequency-domain photonic techniques using continuous waves. Section 2 overviews several schemes for photonic generation of continuous waves, and system configurations suitable to specific applications. Then, some of our recent applications are presented in Sect. 3 showing how effectively photonic techniques are employed in measurement and sensing systems. Manuscript Figure 1 show schematic diagrams for generating RF signals by means of photonic techniques. Figure 1 (a) depicts a free-running signal generator. First, intensity-modulated optical signals, whose envelope is sinusoidal at a designated RF frequency, are generated with use of two free-running lasers; a wavelength tunable laser and a wavelength-fixed laser operating at different wavelengths, λ 1 and λ 2 . Then, these two-wavelength of lights are injected to optical-toelectrical (O/E) converters, which leads to the generation of THz waves at a frequency given by
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where c is a velocity of light. This conversion process is often referred to as "photo-mixing." The converted signals are finally radiated into free space by an antenna. As for O/E converters, we use a uni-traveling-carrierphotodiode (UTC-PD), which satisfies both wide bandwidth and high output power [10] . The J-band UTC-PD module has a 3-dB bandwidth of over 100 GHz, and a typical output power of over 100 μW at 300 GHz for a photocurrent of 10 mA [11] . A photoconductive antenna is another wellknown O-E converter, which can operate at THz frequencies, but is more suitable for the pulse generation with high peak current [12] .
For many RF applications, noise sources are also important, but there has been a lack of high-power noise sources in the THz region. Figure 1 (b) shows a diagram of photonically generated noise sources with controlled bandwidth. Amplified spontaneous emission (ASE) noise from, for instance, a fiber laser and a superluminescent diode is first fed into an optical filter at a designated optical center wavelength λ 2 and a bandwidth ΔB W . After being combined with a single frequency laser λ 1 in the PD, the noise signal with a bandwidth B at a frequency f RF is generated.
When frequency and phase-stabilized RF signals are required, the use of optical frequency combs and actively mode locked lasers together with optical filters is an efficient way as shown in Figs. 1 (c) and 1 (d). The optical filters select two wavelengths among multiple wavelengths of lights whose frequency interval is determined by the frequency of an electrical signal source. Table 1 summarizes several applications with different combination of signal sources and detectors, and their simplified configurations are illustrated in Fig. 2 .
System Configurations
As for spectroscopy applications, frequency-domain systems using a photoconductor (PC) or a PD for both the signal generation and detection ( Fig. 2 (a) ) have been proven to offer higher dynamic range especially in the sub-THz region [13] . In addition, spectroscopic two-dimensional (2D) imaging of the object is feasible by scanning a THz beam over the object [14] . One of the great advantages of this approach is a capability of simultaneous measurement of amplitude and phase of THz waves passing through the object [15] , [16] .
Similar configuration is applicable to the electric-field measurement as shown in Fig. 2 (b) [17] , [18] . In this case, the electro-optic (EO) crystal is used as an electric-field sensor in the detection. By using a large-area sensor, the EO measurement technique can be extended to a "camera"-like system, which enables 2D movie for the diagnosis of dynamic behavior of electro-magnetic waves [19] . Antenna characterization is one of the killer applications of this approach because of its extremely low invasiveness [20] - [22] . Figure 2 (c) shows another type of imaging system using a PD as the generator and a Schottky-barrier diode (SBD) as the detector. Even when the SBD is used as a simple direct detection receiver, it offers a relatively high sensitivity in the measurement. When we configure the interfer- Table 1 Combination of signal generators and detectors for different applications. ometric or homodyne system, the system can be extended to three-dimensional (3D) tomographic imaging system [23]- [25] .
In the next section, we will describe more detailed systems based on the above approaches. Figure 3 shows the THz frequency-domain spectrometer (THz-FDS) based on the configuration of Fig. 2 (a) using a self-heterodyne technique [15] . Two laser diodes (LDs) were used both for the generation and detection of the THz wave. A continuous THz wave was generated by O/E conversion at the UTC-PD. The THz wave passed through a sample was detected via mixing with an optical beat signal (optical local oscillator signal: LO). The frequency of the tunable LD was shifted with an optical frequency shifter (FS) to realize the self-heterodyne detection. The frequency-converted intermediate frequency (IF) signal was amplified with the transimpedance amplifier (TIA) and detected by the lock-in amplifier (LIA). In the self-heterodyne system, the frequency fluctuation of the RF signal, generated by the UTC-PD and that of the optical LO signal has the same property, thus the frequency fluctuations of the freerunning lasers are cancelled out via the mixing operation. In this system, the amplitude and phase of the THz wave can be measured simultaneously. The RF frequency can be tuned by changing the difference frequency between two lasers. Figure 4 shows the typical system response. The UTC-PD was biased at −1.0 V. The optical power injected to the UTC-PD and the PCA was 13 dBm. The lock-in time constant was 10 msec. The maximum dynamic range of the system was about 70 dB at 200 GHz. The bandwidth of the system exceeds 2.5 THz. Absorption spectra by water vapor were observed.
Application Demonstrations
Spectroscopy
Phase Sensing
Although the laser phase fluctuations are canceled out in the detection process, the conventional self-heterodyne system shows phase instabilities or phase drift due to the optical phase fluctuations imposed in the optical fibers. This problem can be solved by the balanced self-heterodyne system shown in Fig. 5 [23] . In the balanced self-heterodyne system, THz wave is divided into two paths. Each amplitude and phase detected by two mixers is measured by a twochannel dual-phase lock-in amplifier. After the detection, the common phase noises are subtracted (θ = θ 2 − θ 1 ). Figure 6 shows the relation between the signal-to-noise ratio (SNR) of the amplitude measurement and phase standard deviation [23] . The closed red circles are the results obtained with the balanced self-heterodyne system whereas the open circles are the data obtained without subtracting (conventional self-heterodyne system). The solid line is the theoretical relation. The phase standard deviation in the balanced self-heterodyne system was well fitted to the theoretical curve. This result indicates that the development of highpower THz generators and/or highly sensitive THz mixers will improve the sensitivity in not only the absorbance measurement but also the phase measurement.
At the point frequency of 380 GHz, the balanced selfheterodyne system was tested to demonstrate the phase contrast imaging as shown in Fig. 7 [24] . The minimum detectable optical path length change is proportional to the standard deviation of the phase measurement and inversely proportional to the THz frequency. However, the phase stan- dard deviation decreases when the THz frequency increases. The phase imaging application was demonstrated at a frequency of 380 GHz because the minimum detectable optical path length of our system at this frequency is the smallest. The sample was a letter "T" written in red ink on 90-μmthick paper. The THz wave was focused using Teflon lens. The sample was moved in the XY plane at the focal plane as shown in Fig. 7 (b) . The spatial resolution was estimated to be 3.8 mm. Figures 7 (c) and (d) show the results of the absorption-contrast imaging and the phase-contrast imaging, respectively. The absorbance of the red ink was too small to resolve the letter "T", whereas the phase-contrast imaging clearly shows the letter "T". The balanced selfheterodyne system is suitable for the precise phase measurement.
Electric-Field Visualization
Visualization of the field evolution of the continuous waves with high phase and spatial resolution is a new approach to the study of the physical dynamics of unique beams, such as non-diffractive, self-reconstructing, and vortex beams. As near-field visualization can reveal device dynamics, it is also useful for diagnosing the THz devices. We have recently developed electric-field visualization system based on the configuration of Fig. 8 (a) using a nonpolarimetric self-heterodyne EO detection technique [18] . The field visualization system is similar to the self-heterodyne spectrometer shown in Fig. 3 , except for the field detection using EO sensor. The incoming probe beam was fed to the EO sensor. After interacting with the THz waves in the EO crystal, the reflected outcoming beam passed through an optical filter and detected by a photodiode (PD). In this experiment, the frequency of the THz wave emitted from the horn antenna was set at 125 GHz because the THz power emitted from our generator was maximum at this frequency. The principle of the EO detection is based on the coherent detec- tion of the modulation sideband generated in the EO crystal (ZnTe) via the interaction between the THz wave and the optical probe beam ( Fig. 8 (b) ). Unlike conventional EO detection schemes based on the polarization modulation where the sensitivity of the measurement can fluctuate drastically due to the fluctuation of the polarization state of the probe beam in the fiber, the nonpolarimetric EO detection scheme offers stable measurements. Figure 9 shows the visualized 3D distributions of the freely propagating wave. The amplitude data were normalized to their maximum values in each plane. The scan area (20λ = 50 mm) has been limited by the mechanical stage. The measured field distributions agreed well with those of simulations even for the near-field measurement, which verifies that our EO sensor is non-invasive in the measurement. It must be mentioned that the self-heterodyne technique is very effective to achieve a long phase stability during the measurement even with the use of free-running LDs.
Antenna Characterization
An antenna characterization method based on the nearfield measurement, which was initially proposed in the microwave region [25] , is an important and useful method also in millimeter-wave and THz regions because of a better SNR in comparison with the far-field measurement. The Fourier transform of the near-field measurement was used in this method to determine the far-field radiation patterns. The characterization of F-band (90-140 GHz) standard horn antenna based on near-field measurement by our EO detection system is presented [22] .
The amplitude and phase, measured in XY-plane ( Fig. 9 ) was used for the determnation of radiation patterns. The measured plane was at the distance 0.5 mm from the horn antenna surface, which belongs to the radiating nearfield region. This region is satisfied the condition for determining radiation patterns from the near-field measurement [25] . The THz power emitted from the horn antenna was 1.3 mW at the frequency of 125 GHz. The maximum SNR of the amplitude measurement was 40 dB and obtained at the center of the surface of the horn antenna with the lockin time constant of 30 msec. Figure 10 shows the experimental results in thick red lines and simulated results in thin blue lines of the radiation patterns of the horn antenna at 125 GHz. The main lobes and first sidelobes in the experiment agree well with those in the simulation for both E-and H-planes. The average of 5 experimental measurements of 3-dB beam widths are 11.2 • and 12.4 • in the E-and H-planes, respectively; whereas those in the simulated results are 11.5 • and 13.6 • , respectively. The sidelobes at the angle beyond the first sidelobes in the experiment are slightly different from those in the simulation. One of possible reasons of the disagreements is the limitation of the SNR of the near-field measurement. The gain of the horn antenna, calculated from the 3-dB beam widths, at 125 GHz is 22.8 dBi in the experiment and the results of simulation is 22.1 dBi. Figure 11 shows the frequency characteristics of the antenna gain. The red dots are the experimental results, while the blue solid curve is the simulated result. The experimental results agree well with the simulated result within 1.7 dB in the full F-band. This indicates our EO detection system can be applied to characterize indoor communication antennas, which has gain of about 23 dBi.
2D Imaging
Millimeter-wave and THz imaging has been extensively studied and deployed in numerous areas such as material inspection, non-destructive testing, and security applications [26] - [29] . Between CW and pulsed-wave imaging systems, the CW imaging can be faster, more compact, costeffective and simpler to operate.
One of the drawbacks in the 2D-CW imaging using mono-chromatic coherent sources is degradation in image quality due to interference patterns caused by reflection of waves at any boundary in the object under inspection and components used such as lenses and mirrors, which leads to decrease in effective lateral spatial resolution. Figure 12 shows a block diagram of transmission-type THz imaging system based on the configuration of Fig. 2 (c) using a low-coherence THz noise source of Fig. 1 (b) [30] . The noise is radiated into free space via a horn antenna from the UTC-PD module, and it is focused onto the object under test with dielectric lenses. The receiver consists of the horn antenna and SBD detector. Optical modulator is used to allow a narrow-band lock-in detection. Typical modulation frequency was 10 kHz.
In general, when the noise bandwidth increases, the interference effect can be made smaller, but the spatial resolution deteriorates due to the increased lowerfrequency/longer-wavelength components. We performed 2D imaging of a clip, etc., hidden in the paper envelope as shown in Fig. 13 , to investigate the optimum noise bandwidth by changing the noise bandwidth, ΔB W , in Fig. 1 (b) . At a single frequency with zero noise bandwidth, the image quality is worst due to the interference pattern, while an edge of the image becomes dim with larger noise bandwidth in particular of over 187.5 GHz. So, it can be judged that the noise bandwidth of 62.5 GHz is optimum from the best visibility of the clip. Figure 14 shows a block diagram of the THz 3D imaging system based on a frequency-domain (swept-source: SS) optical coherence tomography (OCT) technique [31] , [32] . It consists of a Mickelson interferometer and a frequencyswept THz source based on Fig. 1 (a) . In the SS-OCT system, the spatial (depth) information is obtained by Fouriertransforming the frequency domain interference signals. The theoretical value of depth resolution, Δz, is given as
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where λ c is the center wavelength of the THz source and Δλ is the spectral width, and n is the refractive index of the object. Our 300-GHz band signal source [31] has a center frequency 325 GHz and FWHM of 87.4 GHz, corresponding to λ c = 0.92 mm and Δλ = 0.25 mm, thus, the theoretical depth resolution, Δz, is 1.5 mm in the air (n = 1). THz waves are emitted from the UTC-PD with a horn antenna, and collimated by a dielectric lens. THz waves travel to a beam splitter and are divided in two directions in the ratio of 50/50. One wave goes to the reference mirror and the other is focused onto a test object by the dielectric lens. THz waves, reflected from the reference mirror and backscattered from the test object, travel back to the beam splitter (HRFZ-Si plate with 190-μm thickness), and interference signals are detected by a SBD detector, used as a power detector. Finally, the detected signals are amplified with a preamplifier and a lock-in amplifier. An optical intensity modulator operated at 10 kHz is inserted in front of the photodiode to allow for lock-in detection. A personal computer is used for collecting the transferred data from the lock-in amplifier, and for controlling the components of the system. The 3D imaging is performed by fixing the object on the x-y motorized stage and moving it in steps to the xand y-directions, performing the so-called raster scan. Figure 15 shows tomographic images of the object, which consists of three plastic plates which have hollow holes in the shape of the capital letters T, H, and Z. Each plastic plate is 50 mm 2 , 1-mm thick, and the distance between the plates is about 3 mm between the first and second and 10 mm between the second and third. Figure 15 (b) shows measured images of each plate. The capital letters T, H and Z are clearly observed. Figure 15 (c) shows tomographic images measured along lines A and B. As can be seen, each plate consists of two layers corresponding to the front and back sides, respectively, and as a result the position of each plate can be determined.
Conclusions
In this paper, we have reviewed recent progress in millimeter-wave and THz measurement systems enabled by photonics, particularly showing how effectively photonics has been used in such applications. Photonics systems using fiber-optics can solve what purely electronic measurement systems are suffering from, such as large loss, dispersion, coupling, and crosstalk as well as bandwidth limitation in the RF signal generation, transmission and detection. Also, in contrast to pulsed/time-domain technologies, CW/frequency-domain approaches make it possible to control frequency and phase more easily and accurately, which can expand application areas.
In order to make these photonics-based millimeterwave and THz systems more compact, stable and costeffective, the RF photonics integration technology should be introduced as we have seen in the communications applications [33] , [34] .
